Background: Gestational diabetes (GDM) has long-term consequences for the offspring. Sirtuins (SIRTs) are associated with vascular and metabolic functions. We studied the impact of GDM on SIRT activity and expression in fetal endothelial colony-forming cells (ECFCs) and human umbilical vein endothelial cells (HUVECs) from pregnancies complicated by GDM. Methods: ECFCs and HUVECs were isolated from cord and cord blood of 10 uncomplicated pregnancies (NPs) and 10 GDM pregnancies. Nicotinamidadenindinukleotid (NAD + ) concentration, SIRT1 and SIRT3 activity, transcription levels of SIRT1, SIRT3, and SIRT4, and protein levels of SIRT1, SIRT3, and SIRT4 were determined in vitro with or without SIRT activators resveratrol (RSV) and paeonol. results: Fetal ECFCs from GDM pregnancies showed a decreased NAD + concentration, reduced SIRT1 and SIRT3 activity, and lower transcription levels of SIRT1, SIRT3, and SIRT4. HUVECs from GDM pregnancies had decreased NAD + concentrations and transcription levels of SIRT1 and SIRT4. RSV markedly enhanced the expression and activity of SIRTs in ECFCs and HUVECs, while paeonol was active only in ECFCs. conclusion: A reduction of SIRT activity and expression in fetal endothelial cells provides potential mechanistic insights into the pathophysiology of long-term cardiovascular complications observed in the offspring of GDM pregnancies. SIRT activators can increase SIRT activity in ECFCs, which opens perspectives for new therapeutic targets. a dverse events during fetal life have been implicated to induce fetal programming, which can result in chronic diseases (1). Especially gestational diabetes (GDM) of the mother has been associated with cardiovascular disease, metabolic syndrome, and obesity during later life in the offspring (2,3). The pathophysiological processes responsible for these late complications are largely unknown.
a dverse events during fetal life have been implicated to induce fetal programming, which can result in chronic diseases (1) . Especially gestational diabetes (GDM) of the mother has been associated with cardiovascular disease, metabolic syndrome, and obesity during later life in the offspring (2, 3) . The pathophysiological processes responsible for these late complications are largely unknown.
Sirtuins (SIRTs) are important regulators of aging and metabolic diseases (4, 5) . Mammalian SIRTs belong to the histone deacetylase class III family comprising seven members (SIRT1-7), which require Nicotinamidadenindinukleotid (NAD + ) for their enzymatic activity (6) . SIRT1 downregulation has been observed in peripheral blood mononuclear cells of individuals with impaired glucose tolerance (7, 8) . SIRT1 is known to regulate vascular endothelial cell functions (9) . Furthermore, in vitro and in vivo studies demonstrated that a reduction in the number of endothelial progenitor cells (EPCs) under hyperglycemia is associated with reduced SIRT1 levels and activity (8, 10) . Endothelial cells regulate vascular tone and are the first fetal cells exposed to maternal hyperglycemia.
In recent years, it has become evident that SIRT1 is a key player of EPC dysfunction in insulin resistance and metabolic syndrome (7, 10, 11) . Overexpression of endothelium-specific SIRT1 protects against endothelial dysfunction induced by a high-fat diet and hyperglycemia (12, 13) . Recently, resveratrol (RSV) and paeonol (2′-Hydroxy-4′-methoxyacetophenone) have been shown to activate SIRTs and thus can be used for pharmacological interventions (14, 15) . Activation of SIRT1 by RSV can improve vascular functions (16) , while paeonol prevented premature senescence induced by oxidative stress in human umbilical vein endothelial cells (HUVECs) by modulating the expression of SIRT1 (15) .
EPCs derived from bone marrow contribute to endothelial repair (17) . Among them, the specific subtype of endothelial colony-forming cells (ECFCs) harbor clonogenic potential, endothelial phenotype, have the capacity to incorporate into neovessels, and participate in the maintenance of vascular homeostasis in vivo. Impairment in the number and function of fetal ECFCs has been observed in preeclampsia and GDM (18, 19) .
The purpose of this study was to investigate whether fetal endothelial cells including ECFCs and HUVECs from GDM pregnancies show alterations of SIRTs compared with uncomplicated pregnancies (NPs). We further investigated whether paeonol or RSV can activate SIRTs in ECFCs and HUVECs from GDM pregnancies.
NAD
+ concentration in ECFCs from GDM pregnancies was significantly lower (0.72 ± 0.24, P = 0.02) compared with NPs (control = 1), as well as SIRT1 activity (0.87 ± 0.28, P = 0.004), SIRT3 activity (0.78 ± 0.48, P = 0.03), and relative transcription levels of SIRT1 (0.65 ± 0.29, P = 0.03), SIRT3 (0.81 ± 0.16, P = 0.003), and SIRT4 (0.75 ± 0.23, P = 0.003) when compared with NPs (Figure 1 ). There were no differences in protein levels of SIRT1 (P = 0.44), SIRT3 (P = 0.38), and SIRT4 (P = 0.84) between the two groups.
Reduction of NAD + , SIRT Activity, and Expression in HUVECs From GDM Pregnancies
HUVECs from GDM pregnancies had a significantly lower NAD + concentration (0.85 ± 0.21, P = 0.006) and relative transcription levels of SIRT1 (0.85 ± 0.14, P = 0.04) and SIRT4 (0.69 ± 0.11, P = 0.0039) when compared with NPs (control = 1). There were no differences in SIRT1 activity (1.11 ± 0.29, P = 0.34), SIRT3 activity (1.21 ± 0.38, P = 0.30), and relative transcription levels of SIRT3 (0.94 ± 0.35, P = 0.70) (Figure 2) . The protein levels of SIRT1 (P = 0.08), SIRT3 (P = 0.15), and SIRT4 (P = 0.97) were also not different between the two groups.
Hyperglycemia In Vitro Resulted in Elevated NAD + Levels and a Reduction of SIRT Activity and Expression in ECFCs
In ECFCs, the NAD + concentration was significantly increased after treatment with 30-mM glucose (15 mM: 1.28 ± 0.22, Figure 1 . Alterations of sirtuins (SIRTs) in endothelial colony-forming cells (ECFCs) from gestational diabetes (GDM) pregnancies (gray) compared with uncomplicated pregnancies (NPs; white). (a) NAD + concentration, (b) SIRT1 activity, (c) SIRT3 activity, relative transcription levels of (d) SIRT1, (e) SIRT3, and (f) SIRT4, and (g) representative immunoblots of ECFCs from NPs and GDM pregnancies. Relative protein levels of (h) SIRT1, (i) SIRT3, and (j) SIRT4 of ECFCs from NPs compared with GDM pregnancies were not significantly different. (n = 10). Data are presented as mean fold changes ± SD of GDM pregnancies as compared with NPs (control = 1). *P < 0.05 or **P < 0.01 when compared with NPs. NAD + concentration in HUVECs remained unaffected after a treatment with 15-mM or 30-mM glucose (15 mM: 1.0 ± 0.10, P > 0.05; 30 mM: 1.13 ± 0.18, P > 0.05) compared with standard culture medium containing 5.5-mM glucose (control = 1). As opposed to this, exposure to 30-mM glucose resulted in a significant decrease of SIRT1 (15 mM: 0.90 ± 0.03 P > 0.05; 30 mM: 0.73 ± 0.08, P < 0.01) and SIRT3 activity (15 mM: 0.90 ± 0.02, P > 0.05; 30 mM: 0.59 ± 0.13, P < 0.01) (Figure 4) . SIRT1 (15 mM: 1.04 ± 0.41, P > 0.05; 30 mM: 0.77 ± 0.21, P < 0.05) and SIRT4 (15 mM: 0.86 ± 0.16, P > 0.05; 30 mM: 0.78 ± 0.09, P < 0.05) transcription levels showed a significant reduction after a 30-mM glucose treatment, whereas there were no alterations in SIRT3 (15 mM: 1.26 ± 0.12, P > 0.05; 30 mM: 0.89 ± 0.18, P > 0.05) transcription levels. SIRT1, SIRT3, and SIRT4 protein levels showed no differences between control cells, 15-mM glucose treatments, and 30-mM glucose treatments.
Effect of SIRT Activators in ECFCs
In this section, the control group represents cells mock treated with ethanol from each patient group. After treatment with 50-µM paeonol for 24 h, the relative transcription levels of SIRT 3 (NPs with paeonol: 1.53 ± 0.41, P < 0.01; GDM pregnancies with paeonol: 1.22 ± 0.16, P > 0.05) and SIRT4 (NPs with paeonol: 2.18 ± 0.63, P < 0.01; GDM pregnancies with paeonol: 1.74 ± 0.35, P > 0.05) markedly increased in ECFCs of NPs but not in those of GDM pregnancies. There were no significant differences in NAD + concentration (NPs with paeonol: 1.21 ± 0.34, P > 0.05; GDM pregnancies with Relative protein levels of (h) SIRT1, (i) SIRT3, and (j) SIRT4 of HUVECs from NPs compared with GDM pregnancies without significant alterations. (n = 6). Data are presented as mean fold changes ± SD of GDM pregnancies as compared with NPs (control = 1), *P < 0.05 or **P < 0.01 when compared with NPs. After treatment with 1-µM RSV for 24 h, the NAD + concentration significantly increased in ECFCs from NPs but not in those from GDM pregnancies (NPs with RSV: 1.48 ± 0.24, P < 0.05; GDM pregnancies with RSV: 1.38 ± 0.26, P > 0.05), and SIRT1 activity was stimulated in both NPs and GDM pregnancies (NPs with RSV: 1.68 ± 0.22, P < 0.05; GDM pregnancies with RSV: 2.04 ± 0.64, P < 0.01). SIRT3 activity markedly increased only in GDM pregnancies (NPs with RSV: 1.00 ± 0.40, P > 0.05; GDM pregnancies with RSV: 1.68 ± 0.23, P < 0.05). The relative transcription level of SIRT1 (NPs with RSV: 3.57 ± 0.45, P < 0.01; GDM pregnancies with RSV: 1.37 ± 0.20, P > 0.05) and SIRT3 (NPs with RSV: 1.54 ± 0.57, P < 0.01; GDM pregnancies with RSV: 1.14 ± 0.18, P > 0.05) increased significantly only in ECFCs of NPs but not in those of GDM pregnancies, while there were no changes in SIRT4 transcription levels (NPs with RSV: 1.72 ± 0.81, P > 0.05; GDM pregnancies with RSV:
1.08 ± 0.19, P > 0.05). Paeonol and RSV both did not significantly change protein levels of SIRT1, SIRT3, and SIRT4 in NPs and GDM pregnancies (P > 0.05) ( Figure 5 ).
Effect of SIRT Activators on HUVECs
Control group represents cells mock treated with ethanol from each patient group. Treatment with 50-µM paeonol for 24 h increased the relative transcription level of SIRT4 (NPs with paeonol: 1.42 ± 0.33, P < 0.05; GDM pregnancies with paeonol: 1.37 ± 0.36, P < 0.05) in both NPs and GDM pregnancies ( Figure 6 ). However, paeonol did not significantly impact NAD + concentration (NPs with paeonol: 1.31 ± 0.23, P > 0.05; GDM pregnancies with paeonol: 1.13 ± 0.12, P > 0.05), SIRT1 activity (NPs with paeonol: 1.10 ± 0.15, P > 0.05; GDM pregnancies with paeonol: 1.07 ± 0.52, P > 0.05), SIRT3 activity (NPs with paeonol: 0.98 ± 0.25, P > 0.05; GDM pregnancies with paeonol: 0.94 ± 0.20, P > 0.05), and the relative transcription levels of SIRT1 (NPs with paeonol: 1.15 ± 0.38, P > 0.05; GDM pregnancies with paeonol: 1.12 ± 0.38, P > 0.05) and SIRT3 (NPs with paeonol: 1.22 ± 0.61, P > 0.05; GDM pregnancies with paeonol: 1.03 ± 0.14, P > 0.05)
After treatment with 1-µM RSV for 24 h, the NAD + concentration increased in NPs (NPs with RSV: 1.42 ± 0.31, P < 0.01; Articles Gui et al.
GDM pregnancies with RSV: 1.20 ± 0.15, P > 0.05). SIRT1 activity (NPs with RSV: 1.61 ± 0.25, P < 0.01; GDM pregnancies with RSV: 1.66 ± 0.14, P < 0.01) and SIRT3 activity (NPs with RSV: 1.52 ± 0.21, P < 0.01; GDM pregnancies with RSV: 1.48 ± 0.38, P < 0.01) were markedly stimulated in HUVECs from NPs and GDM pregnancies. The relative transcription level of SIRT1 (NPs with RSV: 1.49 ± 0.97, P < 0.01; GDM pregnancies with RSV: 1.40 ± 0.64, P < 0.05) was higher in NPs and GDM pregnancies, while the relative transcription levels of SIRT3 (NPs with RSV: 1.11 ± 0.52, P > 0.05; GDM pregnancies with RSV: 0.96 ± 0.28, P > 0.05) and SIRT4 (NPs with RSV: 1.32 ± 0.22, P > 0.05; GDM pregnancies with RSV: 1.13 ± 0.33, P > 0.05) were not significantly different. Paeonol and RSV both did not significantly change protein levels of SIRT1, SIRT3, and SIRT4 in NPs and GDM pregnancies (P > 0.05) (Figure 6 ). Furthermore, increased levels of circulating cellular adhesion molecules, putative biomarkers for early subclinical stages of atherosclerosis and diabetes, have been found in offspring exposed to GDM and preexisting maternal diabetes (22) . The persistence of hyperglycemic stress despite glucose normalization has been coined "hyperglycemic memory" (23) . This emerging concept of a metabolic memory may explain why cardiovascular complications and other sequelae progress in the offspring of GDM pregnancies despite normoglycemia. However, it is not clear how fetal hyperglycemia translates into morbidity and mortality during later life. Therefore, we aimed to study the effect of GDM on SIRTs as potential mediators of altered vascular homeostasis.
DISCUSSION
In the present study, we show that SIRT levels of ECFCs isolated from cord blood and HUVECs isolated from cord are altered in pregnancies complicated by GDM pregnancies compared with NPs. The activity and expression levels of SIRTs were lower in both GDM-ECFCs and GDM-HUVECs compared with NPs. Comparable effects were also found after exposure of ECFCs and HUVECs from NPs to hyperglycemia in vitro. Furthermore, SIRT reduction was more pronounced in GDMECFCs compared with GDM-HUVECs. We also found that the SIRT activator RSV could significantly enhance the expression Articles and activity of SIRTs in both ECFCs and HUVECs. However, the SIRT activator paeonol only had an effect in ECFCs. The downregulation of SIRT1 observed in ECFCs from neonates with pregnancies complicated by GDM suggests that SIRT1 in circulating blood cells may serve as a novel biomarker, confirming results of a study by de Kreutzenberg et al. (8) in patients with insulin resistance and metabolic syndrome. Downregulation of SIRT1 has previously been described to be associated with accelerated senescence of EPCs in neonates underlining its function as a key regulator in vascular homeostasis during early life (24) . In accordance with our results, Balestrieri et al. (10) observed decreased SIRT1 protein levels in EPCs from type 2 diabetic patients, especially those with poor glycemic control. Zheng et al. (25) showed that decreased levels of SIRT1 correlated with the cellular "memory" of hyperglycemic stress after glucose levels were normalized. Activation of SIRT1 by RSV or SIRT1 overexpression compromised the memory of hyperglycemic stress, whereas the inhibition of SIRT1 by SIRT1 siRNA increased sensitivity to high-glucose stress. SIRT1 has been reported to control endothelial angiogenic functions during postnatal vascular growth (26) . Our previous findings of impaired functions, e.g., proliferation, migration, and angiogenesis of ECFCs from GDM pregnancies (18) could potentially result from lower SIRT activity. Thus, SIRTs seem to be promising candidate molecules for mediating the feature of "hyperglycemic memory".
In the present study, we found a downregulation of SIRT3 activity and SIRT3 and SIRT4 at mRNA level in GDM pregnancies. SIRT activators enhanced SIRT3 and SIRT4 mRNA expression. These results may imply metabolic rescue by the induction of SIRT1 activity. As previously described, SIRT1 activates peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC1α) (27) , which is a regulator of mitochondrial biogenesis and function. PGC1α integrates different cellular signals and regulates genes of energy metabolism, one of these genes is SIRT3. It is activated by PGC1α binding to the estrogen-related receptor-binding element in the SIRT3 promotor region (28 Articles Gui et al.
that the PGC1α-dependent mitochondrial metabolic reprogramming is SIRT3 mediated. This crosstalk of the nutrientsensitive SIRT1 and the mitochondrial regulators PGC1α and SIRT3 may be one of the reasons for altered metabolic regulation of GDM cells and later on in children of GDM pregnancies. Furthermore, SIRT3 reduction is associated with altered metabolic conditions like high-fat feeding or fasting. Huynh et al. (30) speculated that patients with type 2 diabetes show decreased SIRT3 levels due to an altered metabolic homeostasis. Our results seem to support this theory, even if we are not able to provide a molecular mechanism at this point. Hyperglycemia has been associated with increased oxygen consumption, which is probably related to an increased production of reactive oxygen species (ROS) (31) . SIRT3 plays a key role in regulating mitochondrial ROS homeostasis (32) . Increased ROS production in vascular tissue under pathological conditions is the main cause of endothelial dysfunction. The SIRT activator RSV attenuated oxidative injury in endothelial cells through the regulation of mitochondrial ROS homeostasis, which, in part, was mediated through the activation of SIRT3 (33) .
Data on the role of SIRT4 are limited, but inhibition is likely to accelerate the development of type 2 diabetes (34). In general, SIRT4 is associated with the regulation of energy metabolism. Recent data suggest that SIRT4 is a cellular, especially mitochondrial, lipoamidase. Only a few proteins are lipoylated, but they play critical roles in cellular metabolism and are targets of SIRT4 (35) . One of those targets is pyruvate dehydrogenase, which is inhibited after SIRT4-dependent hydrolysis of the lipoamide. The reduction of SIRT4 in GDM cells in our study may serve to maintain pyruvate dehydrogenase activity (35) thus allowing for metabolism of glucose. SIRT4 is known to inhibit fatty acid oxidation via increasing levels of malonylCoA. If SIRT4 is reduced in GDM cells, fatty acid oxidation will be stimulated thus enhancing energy production. Furthermore, the efficiency of the adenosine triphosphate production is regulated via the adenosine diphosphate/triphosphate translocator ANT2, which not only acts as an adenosine Articles diphosphate/triphosphate exchange transporter but as an uncoupler as well (36) . Decreased SIRT4 levels would lead to a less efficient energy production. It is not clear if reduced SIRT4 levels are confined to ECFCs and HUVECs or are a general feature in many organs. We do not know which effect is the most important one for the dysregulation of SIRT4 in GDM pregnancies. Further work has to be performed on SIRT4 to get sufficient insight into its regulation.
To the best of our knowledge, this is the first study investigating the effect of the SIRT activators RSV and paeonol on GDM-ECFCs and GDM-HUVECs. The experiments presented here show that RSV could significantly enhance the expression and activity of SIRTs in both ECFCs and HUVECs from NPs and GDM pregnancies. However, the response to paeonol was heterogenous. In fact, paeonol only had a significant effect in ECFC. RSV is a polyphenolic compound from red grapes. It was the first compound described that can mimic the SIRTmediated effects of caloric restriction. Several different mechanisms for the action of RSV have been proposed (37). Gertz et al. (14) show a direct activation via interaction of RSV and the SIRT1 active site using crystal structure analysis. The authors also describe RSV as a strong activator of SIRT5 and an inhibitor of SIRT3. Other studies propose a mechanism via activation of the Akt pathway. Modulating the Akt pathway would explain the effects of RSV on the cell-cycle regulation in neurons (38) . Further studies suggest an activation of the 5′ AMPactivated protein kinase (AMPK) pathway in a RSV/SIRT1/ SIRT3-dependent manner, but Desquiret-Dumas et al. (39) inhibited AMPK and could still measure RSV-induced mitochondrial biogenesis in liver cells. Mechanistic studies in endothelial cells propose an increase in vascular oxidative stress resistance induced by RSV via antioxidant, anti-apoptotic, and anti-inflammatory effects (40, 41) and a pathway that involves the activation of SIRT1 and the upregulation of antioxidant defense mechanisms by RSV to attenuate mitochondrial ROS production (42) . Paeonol is a phenolic compound derived from peonies. Traditional Chinese medicine uses this compound alleviating various oxidative stress-related diseases. Jamal et al (15) suggest a beneficial role of paeonol on premature senescence in a SIRT1-dependent manner. However, the mechanism of action for this compound is still unknown.
SIRT1 activation is a promising new therapeutic approach for treating diseases of aging such as type 2 diabetes (43). SIRT1 activation by RSV improves vascular function by increasing NO availability and attenuates dyslipidemia and obesity-induced metabolic alterations in human subjects (44) (45) (46) . Paeonol can alleviate the oxidative stress-related cardiovascular diseases predominantly through the modulation of endogenous antioxidants and reduction of free radical formation (47, 48) .
Two different endothelial cell types-ECFCs and HUVECs-were used in this study. They are the first vascular cells of the fetus that are exposed to aberrant conditions and an adverse metabolic milieu during pregnancy. ECFCs represent progenitor cells, possessing the ability to differentiate into mature endothelial cells and to repair damaged endothelium. In contrast, HUVECs are mature endothelial cells which may explain an increased vulnerability of the latter, which is reflected in more pronounced changes of SIRT1 (33) . At the same time, this finding also supports the hypothesis of "hyperglycemic memory". As ECFCs are responsible for controlling vascular repair and development of the vascular system, they may mediate the "hyperglycemic memory" and altered SIRT expression of ECFCs might be another sign of endothelial cell dysfunction leading to reduced vessel repair capacity.
A few studies compared functional and molecular readouts in these two cell types and showed heterogeneous responses in many cases. Sipos et al. (49) describe the ability of human fetal ECFCs, but not human fetal endothelial cells, to transmigrate to the maternal bloodstream of the uterus and then home to locations of maternal uterine vasculogenesis underlining profound functional differences between these cell types. While the response of ECFCs to shear stress was comparable with HUVECs and human umbilical artery endothelial cells (50) , a differential response of ECFCs compared with HUVECs was detected on electrospun scaffolds with distinct microfiber diameters (51) . In 3D assays, ECFCs induced more robust sprouting vascular structures than HUVECs possibly induced by a stronger phosphorylation of VEGFR2 and its downstream signaling (52) . The experiments presented here show that ECFCs but not HUVECs respond to paeonol. Own, unpublished data indicate a strong functional response of ECFCs to vitamin D, while HUVECs did not change their proliferation, migration, and angiogenic behavior. These data are in support of the theory of a differential sensitivity of these cells to the same stimuli.
Our patients were recruited at admission to Labor & Delivery. To avoid the impact of other factors than GDM on our results, we matched the two groups as best as possible according to gestational age, maternal age, and pre-pregnancy BMI. This resulted in an average BMI in the overweight range also in the group of women with NPs and is therefore higher than we would expect it to be in the general population of women with NPs.
Conclusion
In summary, we have shown that GDM and in vitro hyperglycemia induced a reduction of SIRTs in fetal ECFCs and HUVECs. These findings might reflect one underlying mechanism resulting in metabolic and vascular diseases in the offspring of GDM pregnancies. SIRT activators, paeonol and RSV, improved the function of SIRTs in ECFCs, which opens new perspectives for the prevention of adverse long-term effects of a diabetic intrauterine environment. Our findings give new insights into understanding and controlling the increased risk of cardiovascular diseases and other long-term sequelae in individuals originating from pregnancies complicated by GDM. However, further research is needed to explore the underlying cellular and molecular mechanisms and the potential of SIRT activators to improve vascular function.
